Beam halo is a major cause of beam loss and radioactivation in high beam-power proton linacs. Understanding the mechanisms of halo formation is important for a new generation of high-intensity linacs with future applications that include spallation-neutron sources, neutrino factories, and accelerator driven subcritical reactors for nuclear-waste transmutation. More than a decade ago, computer simulation studies [1] identified beam mismatch as the major source of the halo and emittance growth seen in simulations. The emittance growth can also be related to the conversion of beam free energy from mismatch oscillations into thermal energy of the beam. For a given mismatch strength, the free-energy model determines the maximum emittance growth resulting from the complete transfer of free energy into emittance [2] .
A physical model of halo formation is expected to include both nonlinear and time-dependent forces to drive halo particles to larger amplitudes. Such a mechanism is provided by a particle-core model [3] [4] [5] , in which beam mismatch produces an imbalance between focusing, space charge, and emittance, exciting a symmetric or breathing (x rms and y rms in phase) mode oscillation of the core. The space-charge field of the oscillating core modulates the net focusing force acting on individual particles and drives particles in a nonlinear parametric resonance when f particle f mode =2, where f particle is the betatron frequency of the particle and f mode is the mode-oscillation frequency [4] . The model predicts a maximum resonant-particle amplitude as a function of the mismatch strength [5] . Neither model predicts the growth rates for the halo amplitude and beam emittance, for which numerical simulations are required.
To test the models, we installed a 52-quadrupole periodic-focusing beam-transport channel at the end of the Los Alamos low-energy demonstration accelerator (LEDA). LEDA delivers a 6.7-MeV proton beam from a 350-MHz radio frequency-quadrupole (RFQ) linac. For these measurements [6 -9] the beam was pulsed at a 1-Hz rate with a 30-s pulse length. The channel length of 11 m was sufficient for the development of about ten mismatch oscillations, enough to observe at least the initial stages of emittance growth and halo formation caused by mismatch. In this paper we present results for a 75-mA beam current. Data acquired at three other beam currents will be reported later.
The most important diagnostic elements were the transverse beam-profile scanners [10] , each of which contains two distinct components. First is a 33-m-diameter carbon wire from which secondary electrons are released when the wire intercepts the proton beam, allowing a beam-profile measurement of the dense beam core. Second is a pair of 1.5-mm-thick graphite scraper plates, thick enough to stop the protons, for measurement of the outer beam profiles. The magnitudes of the charge detected from the wires and the plates are combined in the software to produce a single beam-profile distribution. Scanners at nine stations ( Fig. 1) , each located midway between pairs of quadrupoles, measured the horizontal and vertical distributions. The scanners were labeled with numbers corresponding to the preceding quadrupolemagnet number.
The beam was matched, using a least-squares fitting procedure that adjusted the first four quadrupoles to produce equal rms sizes at the last eight scanner locations. The program TRACE3D [11] was used to calculate the Courant-Snyder phase-space ellipse parameters of the matched beam. For a mismatched beam one must consider not only the breathing mode, but also the antisymmetric or quadrupole mode. The pure eigenmode mismatch settings of the four matching quadrupoles were calculated by appropriate scaling of the matched Courant-Snyder parameters [12] . The mismatch strength was measured by a mismatch parameter , which equals the ratio of the rms size of the initial beam to that of the matched beam. For a matched beam 1. Figure 2 shows the matched and mismatched 75-mA beam profiles at scanner 51. The matched beam has a Gaussian-like central profile with a rms-beam size of 1.1 mm. For the matched beam a low-density halo is observed to extend as far as 9 rms. This matched-beam halo is observed at all scanners and is most easily explained as a halo that has formed in the injector/RFQ system prior to the periodic quadrupole channel. Direct measurement of the beam-energy distribution with a resolution of about 200 keV, using a dispersive section of the transport line at the end of the periodic quadrupole channel, shows no evidence for low-energy tails that might contribute to this halo. Although collimation can remove this halo, collimation was not implemented in our experiment. Halo caused by mismatch was our main interest, because this mismatch mechanism is expected to involve more particles and can form halo even at high energy where collimation is more difficult. A breathingmode-mismatch beam profile for 1:5, seen in Fig. 2 , shows the growth of shoulders indicating substantial formation of halo.
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The rms-size measurements were used to calculate the rms emittances at scanners 20 and 45. The scanner 20 emittances were obtained from the rms-beam sizes at scanners 20, 22, 24, and 26, and the scanner 45 emittances were obtained from scanners 45, 47, 49, and 51. For each case the rms emittances were obtained from a least-squares fit in which the squared differences between measured and calculated (using TRACE3D to trace the beam envelopes) rms-beam sizes were minimized by adjusting the emittances and Courant-Snyder parameters. After the emittances were obtained from the fitted data, tune depressions (ratio of betatron phase advance per focusing period with space charge to without space charge) were calculated from TRACE3D. For the matched beam at 75 mA, the measured unnormalized rms emittances at scanner 20 were " x 3:0 0:2 mm mrad, and " y 3:1 0:2 mm mrad. Assuming zero emittance growth in the channel for the matched beam, the tune depression from space charge was 0.82 immediately after the matching quadrupoles at scanner 4, and was constant at 0.95 after the beam had debunched at approximately quadrupole 16, about 3.5 m from the beginning of the channel. Although the beam was not in a space-chargedominated regime, significant space-charge effects in mismatched beams were still expected.
The free-energy model can be tested by comparing the measured emittance growths at scanners 20 and 45 with the emittance-growth upper limits from that model. The emittance-growth measurements for mismatched beams show some significant anisotropies (x-y differences). Franchetti, Hofmann, and Jeon [13] report simulation studies of anisotropic beams in uniform focusing channels, in which large (40%) x-y emittance-growth differences are observed that are sensitive to initial x-y tune differences as small as 1%. The sensitivity is not the result of chaotic behavior, but is caused by the parametric resonance discussed earlier, which is sensitive to x-y parameter differences. In our case, anisotropies could be driven by percent-level input x-y emittance differences that are not resolved experimentally. Although the freeenergy model was derived for an axisymmetric beam, these authors find that the model can be extended to a 2D anisotropic case if the emittance growth is averaged over x and y. Figure 3 shows the x-y averaged rms-emittance-growth results (points with error bars) versus at scanner 20 for a 75-mA breathing-mode mismatch. The maximum emittance-growth curves from the free-energy model are shown for the two tune-depression values that bracket the values for the debunching beam, and it can be seen that the theoretical maximum is insensitive to the tune depression over this range. The breathing-mode data in 
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214802-2 214802-2 a given free energy if equal energy sharing is assumed in x and y. Overall, the data for both mismatch modes indicate a rapid growth mechanism with nearly complete transfer of free energy occurring in less than ten mismatch oscillations.
The particle-core model predicts the maximum resonant-particle amplitude as a function of mismatch parameter [5] . We were unable to determine an experimental maximum amplitude for direct comparison because of background. Instead, we compare the measured amplitudes (x-y averaged half-widths of the beam) at three different fractional beam-profile intensity levels (10%, 1%, and 0.1% of the peak) for a breathing-mode mismatch with the maximum amplitude predicted by the particle-core model. A comparison is shown in Fig. 5 for scanner 20 at 75 mA. The shapes of all three measured half-width curves are consistent with the shape of the maximum amplitude curve from the particle-core model, and all three measured curves lie below the maximum amplitude curve from the model. Similar results are observed at scanner 51.
Although the particle-core model based on a single mismatch mode is a simple description of the beam dynamics, the agreement with the model for the curve shapes and for the consistency of the magnitudes supports the conclusion that the model incorporates the main physical mechanism responsible for the halo growth. When applying the model, it may be wise to allow a margin in the range of 20% to anticipate a larger amplitude in one plane from unavoidable errors that could lead to x-y anisotropy.
The 6D-density distribution at the input to the transport channel, needed for multiparticle simulations, is not experimentally known. We find that knowledge of the input Courant-Snyder parameters and emittances alone is not sufficient for reliable multiparticle simulations of the halo. Breathing-mode, 75-mA simulations beginning with three different input distributions (6D Waterbag, 6D Gaussian, and a distribution obtained from a simulation from the ion source through the RFQ called LEBT/RFQ) all underestimate the halo growth rate (see Table I ) [14] . Input distributions with greater population in the tails produce larger emittance-growth rates, as is shown in Ref. [14] using a double-Gaussian input distribution. This trend is consistent qualitatively with the particlecore model, since the resonance condition is satisfied only for particles outside the core. Agreement between simulations and experiment for the growth rate requires an input distribution that represents more accurately the tails of the real input beam .   FIG. 4 (color) . Measured rms-emittance growth averaged over x and y for 75 mA at scanner 45 for a quadrupole-mode mismatch. The curves show maximum growth from the freeenergy model.
FIG. 5 (color)
. Measured beam half-widths at scanner 20 (75 mA and a breathing-mode mismatch) at different fractional intensity levels versus mismatch strength for comparison with the maximum resonant amplitude of the particle-core model. Equation (6) of Ref. [5] gives an approximate expression for the theory .   FIG. 3 (color) . Measured rms-emittance growth averaged over x and y for 75 mA at scanner 20 for a breathing-mode mismatch. The curves show maximum growth from the freeenergy model.
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In summary, our experimental results strongly support both models and the present theoretical picture of halo formation in mismatched beams. This result is important because these models predict upper limits to emittance and halo-amplitude growth in high-current transport channels and linacs and allow estimation of focusing strength and aperture requirements in new designs.
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